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INTRODUCTION
The program of keratinocyte differentiation is a stepwise process involving the sequential positive and negative regulation of genes as basal cells progress through the spinous and granular layers to form the stratum corneum 1, 2) . Analysis from in vitro keratinocyte models has indicated that the transition from the spinous to granular cell phenotype and cornification are PKC-mediated processes 3, 4) . Keratinocytes express multiple PKC isozymes, and these are regulated differently by lipids and calcium cofactors 3) . Several PKC isozymes have been implicated in the keratinocyte differentiation program 5) and inhibit proliferation 6) . In several cellular systems, biochemical events have been assigned to the modulation of specific PKC isozymes 7 -9) . The a, d, e, h, and z isozymes of PKC are expressed in murine keratinocytes 5) . Recent studies suggest that in keratinocytes, terminal differentiation in response to Ca 2+ is also mediated by specific isozymes, a rise in extracellular Ca 2+ being followed by the translocation of multiple PKC isozymes 10, 11) . The importance of PKC in keratinocyte differentiation is substantiated by the fact that PKC activators such as 12-Otetradecanoylphorbol 13-acetate (TPA) and synthetic diacylglycerols also induce the late differentiation marker expression and cornified envelop assembly in vitro in the absence of changes in extracellular Ca 2+ levels 12) . While the individual isozymes of PKC probably have different roles in these processes, specific roles for individual isozymes mediating these cellular events have yet to be elucidated. The complex nature of this problem is enhanced by the alterations within the PKC signaling system produced by long-term treatment with phorbol ester, which results in the proteolytic down-regulation of certain members of the family. The susceptibility of different members of the family, and their rate of down-regulation may vary in different cells.
Ionizing radiation-induced differentiation in some cells 13, 14) and this radiation-induced differentiation correlated with excess cytoplasmic growth during the radiation-induced cell cycle delay. Our previous study revealed that PKCa is responsible for this radiation-induced differentiation in mouse keratinocytes 15) . Here, further study was done into whether g -rays augment the expression of differentiation markers in normal and v-ras Ha transformed murine keratinocytes and pretreatment with PKC inhibitors such as staurosporin (STS) or 1-(5-isoquinolinesulfomyl)-2-methylpiperazine (H7) augments this effect, which is associated with a cellular redistribution of PKC isozymes, especially of PKCa.
MATERIALS AND METHODS

Reagents
Staurosporin (STS) was purchased from Calbiochem (La Jolla, CA) and 1-(5-isoquinolinesulfomyl)-2-methylpiperazine (H7) was from Sigma (St. Louis, MO). All reagents were dissolved in dimethylsulfoxide and stored at -20°C. To inhibit PKC activity, STS was administered for 16 h and H7 for 2 h before irradiation, the cells washed 3 times with PBS, and the media replaced.
Cell Culture
Primary mouse epidermal keratinocytes were isolated from BALB/c mice and grown in Eagle's minimal essential medium with 8% Chelex-treated fetal calf serum, 0.2% penicillin/ streptomycin solution (GIBCO, BRL, Gaithersburg, MD, USA), and 0.05 mM Ca 2+ to maintain a basal cell-like population of undifferentiated cells. For v-ras Ha infection, primary keratinocytes were infected 2 or 3 days after plating with a defective retrovirus containing the v-ras Ha gene 10) . The v-ras Ha keratinocytes were produced by introducing a replication-defective retroviral vector containing the v-ras Ha gene into primary keratinocytes on day 3 of culture, using a high-titer viral supernatant prepared from the pse2 packaging cell line 10) . To induce terminal differentiation, CaCl 2 was added directly to the culture medium.
Irradiation
Cells were plated in sterile 10 cm dishes and incubated at 37°C under humidified, 5% CO 2 -95% air in 0.05 mM Ca 2+ containing media until they were 70%-80% confluent. Gamma rays from a 60 Co theraton-780 teletherapy unit (Atomic Energy of Canada, Ltd., Canada) at a dose rate of 1.214 Gy/min were irradiated to the cells and 0.12 mM Ca 2+ containing media were changed just after irradiation.
Assay of PKC activity
Cells (3 of 10 cm dish and each dish had 1 ¥ 10 7 cells) were harvested in lysis buffer containing 20 mM Tris (pH 7.4), 2 mM EDTA, 5 mM EGTA, 0.25 M sucrose, 5 mM b -mercaptoethanol, 0.25 mM phenylmethylsulfonylfluride, 20 mg/ml leupeptin, and 0.3% Triton X-100. Lysates were extracted on ice for 30 to 45 min, and centrifuged at 100,000¥ g for 45 to 60 min. The protein content was then determined with a commercial assay kit (Bio-Rad, Hercules, CA). Protein fractions (30 mg) were incubated at 30°C for 10 min in phospholipid micelles (phosphatidylcholine and phosphatidylserine, Sigma, St Louise, MO), g-[ -depedent PKC activity were obtained by subtracting Ca 2+ -independent activity from total PKC activity.
Cell Fractionation
After the indicated treatments, cells were washed twice with ice-cold PBS and scraped into PKC lysis buffer [20 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 40 mg/ml leupeptin]. After brief sonication, the lysate was centrifuged at 100,000 ¥ g for 1 h, and the supernatant was taken as the soluble fraction. The pellet was resuspended in PKC lysis buffer containing 1% Triton X-100 and centrifuged as before; then the supernatant was removed for the particulate fraction. Protein concentration was determined by the BioRad protein assay and 30 mg of protein was assayed.
Immunoblotting
The cells were washed twice with ice-cold PBS and scraped into SDS sample buffer (50% glycerol, 2.5% bromphenol blue, 10% sodium dodecyl sulfate, and 25% mercaptoethanol), boiled, and run immediately on 8.5% polyacrylamide gels. Proteins were transferred electrophoretically to nitrocellulose, and the membranes were blocked in 5% milk. For the detection of PKC isozymes, the membranes were incubated with antibodies specific for the catalytic subunit of PKCa and -d at a dilution of 2 mg/ml (Santa Cruz Biotechnology Inc., Santa Cruz, CA), PKCe at a dilution of 1:1,000 (Gibco, BRL, Gaithersburg, MD), PKCh at 1: 100 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), and PKCz at 1:100 (Transduction Laboratory, Lexington KY). The keratinocyte markers K1, K10, K14, filaggrin, and loricrin were obtained form BAbCO (Richmond, CA, USA) and Dr. Kartasova T. (National Institute of Health, Bethesda, MD) kindly provided SPR-1 antibody. Proteins were detected using the ECL system (Amersham, Arlington Hights, IL) with horseradish peroxidase conjugated secondary antibody (Bio-Rad, Hercules, SA) at a 1: 5,000 dilution.
Statistics
The points are means of three independent determinations. Statistical analysis was performed by Student's t-test.
RESULTS
Transfection of v-ras
Ha oncogene increased PKC activity
Because PKC activators and the v-ras
Ha oncogene showed similar responses in cultured keratinocytes 19) , we compared PKC activity in normal and v-ras Ha transformed mouse keratinocytes cultured in medium containing reduced Ca 2+ (0.05 mM). Ca 2+ -dependent and -independent PKC activity levels were consistently higher in lysate from v-ras Ha keratinocytes than from normal cells; Ca 2+ -independent PKC activity was more affected by v-ras Ha transfection ( Fig. 1) . Repeated experiments gave similar results and these findings strongly support the notion that v-ras Ha transfection causes PKC activity in mouse keratinocytes.
H7 and STS inhibited both Ca
2+
-dependent and Ca 2+ -independent PKC activity 
Gamma rays altered differentiation marker expressions induced by PKC inhibitors
Keratinocytes can be induced to differentiate by elevating the Ca 2+ concentration above 0.1 mM. To determine if g-ray irradiation is capable of inducing the expression of differentiation markers, we treated basal keratinocytes (0.05 mM Ca 2+ ) and differentiating keratinocytes and -independent PKC activity was determined in TritonX-100 lysates from normal primary (PK)-and v-ras Ha -keratinocytes (ras-PK) as described in Materials and Methods. Assays were performed on extracts from three separate dishes; bars, mean PKC activity (± SEM) using a modified PKCa pseudosubstrate peptide. Similar results were obtained in two different experiments. (0.12 mM Ca 2+ ) with doses of g -rays. Elevating the Ca 2+ concentration to 0.12 mM for 48 h induced the expression of granular differentiation markers of loricrine and filaggrin. However, 2 h pretreatment with H7 induced a rapid induction of differentiation markers in the granular cell layer, as well as spinous cell differentiation markers (K1 and K10) 24 h after Ca 2+ -shift. Because the level of K10 expression was relatively low, when compared to K1 and other granular cell marker expressions after Ca 2+ -shift 11) , only high dose (8 Gy)-irradiated cells induced K10 expression. On the other hand, 48 h after Ca 2+ -shift, the results were reversed (Fig. 3A) ; reduction of these proteins by irradiation. There was no induction of differentiation markers at 0.05 mM Ca 2+ alone and g -rays did not alter these expressions, either (data not shown). Overnight treatment with 40 nM STS induced differentiation even at 0.05 mM Ca 2+ after 24 h of washing out STS; spinouse differentiation markers were predominantly expressed. Furthermore, 0.12 mM Ca 2+ treatment augmented these phenomena. Gamma-rays enhanced the expressions of granular cell markers, especially of filaggrin and SPR-1 at 24 h after Ca 2+ -shift. After 48 h of washing out STS, expressions of K1 and SPR-1 proteins were increased by g -rays at 0.05 mM Ca 2+ , but inhibited by it at 0.12 mM Ca 2+ (Fig.  3B) .
The levels of filaggrin and loricrin were usually higher in v-ras Ha transformed cells than in normal keratinocytes 15) . SPR-1 expression however, was greatly upregulated. K1 and K10 protein expressions are blocked and K8 protein appeared after Ca 2+ -shift in v-ras Ha trans- -containing media was made just after g-ray irradiation at doses of 4 and 8 Gy. After 24 or 48 h, whole cell SDS lysates were prepared, protein samples (30 mg) were subjected to PAGE and transferred to nitrocellulose membranes, and keratinocyte marker proteins were detected with specific antibodies as delineated in Materials and Methods. Experiments were repeated twice with similar results. formed cells 17) . As shown in Fig. 4 , at 0.05 mM Ca 2+ , there were no changes at 24 h after g -ray irradiation except for SPR-1, when H7 was not pretreated; expression of SPR-1 was enhanced by radiation. However, on pretreatment with 20 mM of H7, expression levels of all markers were increased by radiation, while after 48 h, radiation did not alter these expressions except for SPR-1 whose expression was still increased by radiation. The 0.12 mM Ca 2+ -shift did not induce spinouse cell markers to express as shown previously 17) , but granular cell markers were induced even at 24 h after Ca 2+ -shift (Fig. 4) . In contrast to this, H7 pretreatment induced early spinous cell markers as well as granular cell markers, even at 24 h after Ca 2+ -shift and g -rays augmented these protein expressions; after 48 h, g-ray irradiation increased the expression of both granular and spinous cell markers, when H7 was used.
PKC isozymes were involved in radiation-induced alteration of differentiation marker expressions
Experiments were performed to assess if the changes in differentiation marker expressions caused by g-ray irradiation are mediated by specific PKC. Since there were no changes in the expression of total PKC isozymes by g -rays in H7-pretreated cells (Fig. 5A) , we fractionated 0.12 mM Ca 2+ -shifted cells after irradiation. We previously reported that PKCa was translocated to a particulate fraction following radiation in Ca 2+ -shifted cells not pretreated with H7 15) . In the H7 pretreated cells, after 24 h of radiation, some PKCa was translocated to the particulate fraction, while PKCh was degraded. No difference could be seen at 48 h after radiation (Fig. 5B) . In addition, the total expression level of PKCa was increased at 48 h after g -ray irradiation in STS pretreated cells cultured in 0.05 mM Ca . After 2 h treatment with 20 mM H7, the cells were washed out with PBS and fresh media containing 0.05mM Ca 2+ were added. A change to fresh 0.05 mM or 0.12 mM Ca 2+ -containing media was made just after g-ray irradiation at doses of 4 and 8 Gy. After 24 and 48 h, whole cell SDS lysates were prepared, protein samples were subjected to PAGE and transferred to nitrocellulose membranes, and keratinocyte marker proteins were detected with specific antibodies as delineated in Materials and Methods. Experiments were repeated twice with similar results.
without a change to other isozymes; reduction of this isozyme was seen at 24 h after irradiation. However, in the 0.12 mM Ca 2+ -shifted cells, radiation increased PKCa expression at 24 h but decreased it at 48 h (Fig. 6) . PKCh expression was changed by g -rays when Ca 2+ -shift was performed: an initial increase followed by a decrease.
In v-ras Ha transformed cells cultured with 0.05 mM Ca 2+ , g-ray irradiation increased the . After 2 h pretreatment with 20 mM H7, the cells were washed out with PBS and fresh media containing 0.05 mM Ca 2+ were added.
A switch to 0.12 mM Ca
2+
-containing media was made just after g -ray irradiation at doses of 4 and 8 Gy. After 24 and 48 h, whole cell SDS lysates (A) or soluble and Triton X-100 soluble particulated fractions (B) as described in Materials and Methods were prepared, protein samples were subjected to PAGE and transferred to nitrocellulose membranes, and PKC isozymes were detected with specific antibodies. Experiments were repeated twice with similar results. -containing media was made just after g -ray irradiation at doses of 4 and 8 Gy. After 24 and 48 h, whole cell SDS lysates were prepared, protein samples were subjected to PAGE and transferred to nitrocellulose membranes, and PKC isozymes were detected with specific antibodies. Experiments were repeated twice with similar results. -containing media was made just after g-ray irradiation at doses of 4 and 8 Gy. After 24 and 48 h, whole cell SDS lysates were prepared, protein samples were subjected to PAGE and transferred to nitrocellulose membranes, and PKC isozymes were detected with specific antibodies as described in Materials and Methods. Experiments were repeated twice with similar results.
PKCe level in a dose-dependent manner at 24 h, when H7 was pretreated, while without H7 there was no change. After 48 h, expressions of PKCd and -h were upregulated by radiation, independent of H7 pretreatment. At 0.12 mM Ca 2+ , 24 h of g -ray irradiation decreased the expressions of PKCa and -e in cultures without H7 pretreatment, and increased them in cultures with H7 pretreatment. PKCa was increased at 48 h after radiation in cultures without H7 pretreatment, but there were no differences in the isozyme expressions in cultures pretreated with H7 (Fig. 7) .
DISCUSSION
The existence of multiple PKC isozymes having distinct cofactor requirements, tissue distributions, and substrate specificities suggests that the individual PKC isozymes have specific roles in cellular physiology. The present results indicated specific roles for PKC isozymes in radiation-induced differentiation. Epidermal keratinocytes express at least five PKC isozymes, Ca 2+ -dependent (PCKa), Ca 2+ -independent (PKC d, e, and h), and DAG/ phorbol ester-independent (PKCz ) types. Sustained activation of PKC is known to influence the growth and differentiation of various cells 7) . While the individual isozymes of PKC probably have different roles in these processes, the specific role of individual isozymes in mediating these cellular events has yet to be elucidated. Since PKC stimulation involves Ca 2+ -mediated differentiation in mouse epidermal cells 10, 11) and we previously reported that g-ray irradiation augmented Ca 2+ -induced differentiation, which is associated with PKCa activation 15) , a further examination was made using PKC inhibitors for the reduction of PKC activity before irradiation.
v-ras
Ha transformation reportedly enhanced PKC activity 19) and our results also suggested that v-ras Ha transfection induced an increase in PKC activity. Because induction of differentiation is important in neoplastic cells, we compared the expression of differentiation markers and the involvement of PKC isozymes in normal and v-ras Ha transformed cells. In normal cells, g -ray irradiation enhanced differentiation marker expressions and pretreatment with PKC inhibitors potentiated this phenomenon; the induction tended to be greater for H7-pretreatment than STS pretreatment. Radiation usually induced both granular and spinous cell markers on H7 pretreatment, but only a few markers such as SPR-1, K1 and filaggrin, on STS-pretreatment. In addition, when the Ca 2+ -concentration in the culture was 0.05 mM, induction of these proteins lasted for 48 h, while when it was 0.12 mM, it decreased at 48 h of irradiation, suggesting that excess differentiation induces cell death; the results of the cell counting assay supported this (data not shown). The reason for the difference in the induction by H7 and STS of the expression of differentiation markers is not clear. However, one hypothesis is that different PKC isozymes were inhibited or alternatively, the inhibition of PKC was also involved. Finally, since H7 and STS are nonspecific inhibitors of PKC, different mechanisms such as the PKA pathway were also influenced.
In v-ras Ha transformed cells, while ras gene transfection stimulated granular cell markers but usually blocked spinous cell marker expressions, even after Ca 2+ -shift 18) , g -rays induced differentiation even at 0.05 mM Ca 2+ . In H7 pretreated cells, these phenomena were potentiated (Left panel of Fig. 4 ). After Ca 2+ -shift, differentiation could also be induced by g-rays, while H7 pretreatment induced a decrease of these protein expressions at 48 h after g -ray irradiation, similar to in normal cells (Right panel of Fig. 4) .
To know the correlation of radiation-induced differentiation and PKC, cellular fractionation was performed. After irradiation, translocation of PKCa to the membrane fraction in H7 pretreated cells and increased expression of PKCa in STS treated cells was found in normal keratinocytes, when the Ca 2+ -shift occurred 24 h before harvest (Fig. 5) , which are similar induction kinetics as for differentiation. In v-ras Ha transformed cells, when the concentration was shifted to 0.12 mM Ca
2+
, translocation of PKCa on irradiation was seen in the cultures with or without H7 pretreatment. However, when the Ca 2+ concentration was 0.05 mM, other isozymes such as PKC d, e and h were also affected by radiation, indicating that the PKC isozymes of v-ras
Ha transformed cells at 0.05 mM Ca 2+ were more affected by radiation.
We do not know if these isozymes are involved in differentiation, but there are reports that radiation activates PKCa and PKC inhibitors influence the expression of other PKC isozymes 10) . Previous studies have suggested that PKC activation regulates the granular-cell stage of epidermal differentiation by enhancing the expression of loricrin, profilaggrin, and transglutaminase (TG) k mRNA 4, 19) . PKCa has been implicated in this process by studies using pharmacological PKC inhibitors 10, 20) and PKCa antisense 21) . Our study identifies PKCa as an important regulator of radiation-induced mouse epidermal differentiation and implies that PKCa helps to facilitate radiation-induced differentiation.
